Introduction {#Sec1}
============

Reliable quantification of right ventricular (RV) performance is essential during follow-up of patients who underwent total repair for tetralogy of Fallot (TOF) \[[@CR1]\]. Currently, RV performance is mostly quantified with cardiovascular magnetic resonance (CMR) by assessing ventricular volumes and ejection fraction \[[@CR2]\]. Although CMR provides a good estimation of RV performance, recent studies demonstrated that the relation with patient outcome is suboptimal \[[@CR3]\]. This observation underscores the need for more sensitive parameters to adequately identify patients at risk for a decrease in RV performance. With the introduction of tissue Doppler imaging, the possibility emerged to evaluate RV myocardial function in patients with TOF using RV strain analysis \[[@CR4]\]. However, tissue Doppler imaging has limitations that hamper the application of RV strain analysis in clinical practice \[[@CR5]\]. Recently, novel echocardiographic strain analysis packages, based on speckle-tracking, have become available. This technology provides direct information on contractile performance of the right ventricle \[[@CR6]\], which may potentially provide a more sensitive measurement to detect decreases in RV function at an early stage in patients with TOF.

The aim of the current study was twofold. First, we evaluated whether RV peak systolic longitudinal strain, quantified with 2D speckle-tracking imaging, is reduced in adult patients with TOF as compared to normal individuals. Second, we hypothesized that reduction of RV peak systolic strain during follow-up can be used for early detection of a decrease in RV performance.

Methods {#Sec2}
=======

Study population and protocol {#Sec3}
-----------------------------

The patient population consisted of 18 adult patients who underwent total correction for TOF during childhood. In adulthood, these patients were regularly followed up at the outpatient clinic for adult congenital heart disease during a period of 4.2 ± 1.7 years. In this study period, medical therapy was unchanged, no surgical interventions were performed and NYHA class remained stable in all patients. Characteristics are summarized in Table [1](#Tab1){ref-type="table"}.Table 1Patient PopulationTetralogy of Fallot (*n* = 18)Male/female (*n*)8/10Age (years)33.9 ± 11.2BSA (m^2^)1.8 ± 0.24NYHA I/II/III/IV (*n*)13/5/--/--Type of repair (*n*)    Transannular patch12    Right ventricular patch5    No patch1Previous pulmonary valve replacement (*n*)7

At the age of 33.9 ± 11.2 years, these patients underwent routine evaluation with echocardiography (echo) and CMR within a 3-month timeframe (baseline measurement), followed by a recent echo and CMR at the age of 38.1 ± 11.2 years (follow-up measurement). The echo evaluation included a standard 2D echo and 2D speckle-tracking strain analysis to calculate RV global longitudinal peak systolic strain (GLPSS) and longitudinal peak systolic strain separately in the RV free wall (LPSS FW). From the CMR images, RV performance was obtained, expressed as RV end systolic volume (RV ESV), RV end diastolic volume (RV EDV) and RV ejection fraction (RV EF).

First, we compared the LPSS values from the baseline echocardiograms of the TOF patients to that of 18 healthy controls matched for age and gender. Second, the relations between RV performance (derived from CMR) on the one hand, and GLPSS and LPSS FW (derived from echocardiography) on the other hand, were calculated. Third, we evaluated the changes in GLPSS, LPSS FW (echocardiography-derived; baseline vs. 4.2 ± 1.7 years follow-up) and RV performance (CMR-derived; baseline vs. 4.2 ± 1.7 years follow-up). Finally, we compared the echocardiographic changes during follow-up to the changes measured with CMR.

Echocardiography {#Sec4}
----------------

Echocardiographic imaging took place in the left lateral decubitus position on a commercially available system (Vivid Seven, General Electric-Vingmed, Milwaukee, Wisconsin). Besides the standard parasternal (long- and short-axis) and apical (2- and 4-chamber) images, additional apical (4-chamber) images were obtained that included the interventricular septum, the apex and the RV free wall up to tricuspid annulus. Images were digitally stored in the cine-loop format for off-line analysis.

Longitudinal strain was assessed off-line, on the 4-chamber cine-loop that included the RV free wall, using speckle-tracking analysis. The speckle-tracking software (EchoPac 7.0.0 GE Medical systems, Horten, Norway) uses natural acoustic markers, or speckles, to determine frame-to-frame movement of myocardium. Images are subdivided into blocks of approximately 20--40 pixels that contain stable patterns of speckles which are followed through the cardiac cycle \[[@CR7]\]. In these blocks, the location of speckles is tracked with a dedicated algorithm that uses the sum of absolute differences and specific correlation criteria. After local tissue velocity vectors are derived from the spatial and temporal data of each speckle, strain can be assessed from temporal differences in the mutual distance of neighbouring speckles. For longitudinal strain assessment, the software calculates the length of a predefined segment as a percentage of the original length, shortening of a segment is represented as negative strain and lengthening of a segment is represented as positive strain.

Right ventricular longitudinal peak systolic strain was calculated in a user interface by delineating the endocardial border from the basal septum to the apex, along the RV free wall to the tricuspid valve annulus. After a region of interest was then set covering the complete width of the myocardium, the software automatically distinguished three predefined septal segments and three RV free wall segments in which longitudinal peak systolic strain was calculated. From these segments, GLPSS was obtained, which is a factory specified weighted average of all six segments \[[@CR8]\]. Furthermore, RV LPSS FW was calculated as the average of the three free wall segments (see Fig. [1](#Fig1){ref-type="fig"}). The minimum frame rate used to calculate longitudinal strain was 40 frames per second. Two patients, in whom the image quality was considered inadequate, were excluded from further analysis.Fig. 12D Speckle-tracking Strain Analysis of the Right Ventricle. Right ventricular longitudinal strain analysis in the designated user interface. *Panel A* demonstrates how first the endocardial border is delineated in the apical 4-chamber view. Based on this contour, the interventricular septum and the right ventricular free wall are tracked automatically. The user optimizes the tracking quality, by adjusting the aforementioned contour and by altering the region of interest (*ROI*), which corresponds to the width of the tracking (*Panel B*). Thereafter, the program calculates global strain (*GS*) based on a weighted average of three septal and three right ventricular free wall segments (*Panel C* and *D*)

Cardiovascular magnetic resonance {#Sec5}
---------------------------------

Cardiovascular magnetic resonance examinations were performed on a 1.5 T ACS-NT15 magnetic resonance scanner (Philips Medical Systems, Best, the Netherlands.) The scanning protocol has been described previously \[[@CR9], [@CR10]\]. All images were obtained during breath holds, with an ECG triggered gradient echoplanar technique. For calculation of ventricular volumes, 10--12 consecutive slices were obtained in the transverse plane, to cover both ventricles from apex to base. The MASS software package (Medis, Leiden, the Netherlands), was used for calculation RV EDV, RV ESV and RV EF \[[@CR11]\].

Statistical analysis {#Sec6}
--------------------

SPSS (SPSS^®^ 12.0.1 for Windows, SPSS Inc., Chicago, USA) was used for statistical analysis. Data are presented as mean ± SD, unless mentioned otherwise. To evaluate the reproducibility of RV LPSS, the echocardiograms of 20 subjects (10 Fallot patients and 10 controls) were analyzed twice by the same observer in a random order. In addition, these echocardiograms were also analyzed by a second observer. Subsequently, intra- and interobserver agreement of GLPSS and LPSS FW was evaluated using Bland-Altman analysis. An unpaired *t*-test was used to calculate the difference between patients and healthy controls. Pearson correlation coefficients were computed to describe the correlation between echocardiography derived RV peak systolic strain and CMR derived RV function. Furthermore, the changes from baseline to follow-up were calculated using paired *t*-test analysis. *P* values \< 0.05 were considered statistically significant.

Results {#Sec7}
=======

RV longitudinal peak systolic strain: patients vs. healthy controls {#Sec8}
-------------------------------------------------------------------

Table [2](#Tab2){ref-type="table"} demonstrates the differences in LPSS of the RV between patients with TOF and healthy controls per segment. LPSS values in patients with TOF ranged from −12.3 ± 7.6% in the apical septum to −17.6 ± 7.1% in the RV basal free wall. In healthy controls, peak systolic strain was also lowest in the apical septum (−18.2 ± 8.3%), but highest in the RV mid free wall (−24.2 ± 10.0%). The observed difference in RV LPSS between patients with TOF and healthy controls was significant in all RV segments except the apical free wall (Table [2](#Tab2){ref-type="table"}). Furthermore, the combined strain values GLPSS and LPSS FW were significantly lower in patients with TOF as compared to healthy controls.Table 2Peak systolic strain values in tetralogy of Fallot patients vs. healthy controlsTOF (*n* = 18)Controls (*n* = 18)*P*-valueRV LPSS (segmental)    Basal septum (%)−13.1 ± 1.1−19.6 ± 0.7\<0.001    Mid septum (%)−14.4 ± 1.0−20.2 ± 0.7\<0.001    Apical septum (%)−12.3 ± 1.8−18.2 ± 1.90.03    Apical free wall (%)−13.2 ± 2.0−20.1 ± 2.90.06    Mid free wall (%)−15.8 ± 1.0−24.2 ± 1.6\<0.001    Basal free wall (%)−17.6 ± 1.7−23.9 ± 2.20.03RV LPSS (combined)    GLPSS (%)−14.9 ± 0.7−21.6 ± 0.9\<0.001    LPSS FW (%)−15.5 ± 0.9−22.7 ± 1.5\<0.001Data are presented as mean ± SE*FW* free wall, *GLPSS* global longitudinal peak systolic strain, *LPSS* longitudinal peak systolic strain, *RV* right ventricle

The intra- and interobserver agreement for both GLPSS and LPSS FW were good. The intraobserver variability was 0.4 ± 1.4 and 0.1 ± 1.2 (mean ± 2SD), respectively, whereas the interobserver variability was 0.5 ± 2.7 and 0.3 ± 1.8 (mean ± 2SD).

Relation between RV performance and RV longitudinal peak systolic strain in TOF patients {#Sec9}
----------------------------------------------------------------------------------------

In Table [3](#Tab3){ref-type="table"}, the relation between RV performance (as derived from CMR) and RV LPSS (as derived from echo) in the TOF patients is summarized. At baseline, moderate-good relations between RV volumes (as derived from CMR) and RV LPSS were observed. RV EDV correlated significantly with both GLPSS and LPSS FW, indicating reduced strain in patients with a dilated RV. RV ESV was not correlated with RV peak systolic strain values. RV EF was correlated with GLPSS and LPSS FW. At follow-up, similar correlations were observed for RV volumes and RV EF on the one hand, and strain values on the other hand (Table [3](#Tab3){ref-type="table"}).Table 3Correlation between RV performance (expressed as RV volumes and RV EF derived from CMR) and RV longitudinal peak systolic strain (derived from echocardiography)GLPSS (*r*)*P*-valueLPSS FW (*r*)*P*-valueBaseline    RV ESV (ml/m^2^)0.01NS0.22NS    RV EDV (ml/m^2^)0.610.0070.720.001    RV EF (ml/m^2^)−0.80\<0.001−0.620.006Follow-up    RV ESV (ml/m^2^)−0.37NS−0.17NS    RV EDV (ml/m^2^)0.430.070.580.01    RV EF (ml/m^2^)−0.79\<0.001−0.680.002*EDV* end diastolic volume, *EF* ejection fraction, *ESV* end systolic volume, *FW* free wall, *GLPSS* global longitudinal peak systolic strain, *LPSS* longitudinal peak systolic strain, *RV* right ventricle

Changes in RV performance and RV longitudinal peak systolic strain during follow-up {#Sec10}
-----------------------------------------------------------------------------------

In Table [4](#Tab4){ref-type="table"}, the changes in RV performance and RV LPSS are shown (baseline vs. 4.2 ± 1.7 years follow-up). First, whereas RV EF remained unchanged, RV EDV and RV ESV demonstrated a small, statistically significant increase, indicating that the RV in TOF patients exhibited gradual dilatation. Second, we observed a significant reduction in RV LPSS on both a global level (GLPSS) as well as in the RV free wall (LPSS FW). An example of a patient with significant reduction in GLPSS and LPSS FW is shown in Fig. [2](#Fig2){ref-type="fig"}. To compare the changes in RV performance and changes in RV LPSS, the overall percentual changes from baseline to follow-up were calculated and depicted in Fig. [3](#Fig3){ref-type="fig"}. RV EDV and RV ESV, respectively, demonstrated a 16 and 17% increase, whereas RV EF increased with 1%. GLPSS decreased 14%, the largest changes during follow-up, however, were noted in LPSS FW (−27%).Table 4Changes in RV performance and longitudinal peak systolic strain over 4.2 ± 1.7 years follow-upBaselineFollow-up*P*-valueRV performance    RV ESV (ml/m^2^)49.6 ± 14.556.5 ± 16.50.020    RV EDV (ml/m^2^)118.7 ± 37.8132.5 ± 35.50.007    RV EF (%)56.8 ± 9.356.4 ± 10.00.782RV LPSS    LPSS FW (%)−15.5 ± 3.6−12.0 ± 5.50.004    GLPSS (%)−14.9 ± 2.8−12.9 ± 3.70.001*EDV* end diastolic volume, *EF* ejection fraction, *ESV* end systolic volume, *FW* free wall, *GLPSS* global longitudinal peak systolic strain, *LPSS* longitudinal peak systolic strain, *RV* right ventricleFig. 2Patient Example of Changes in RV Longitudinal Peak Systolic Strain in Relation to RV Performance on Cardiovascular Magnetic Resonance Imaging. In this patient example, RV end diastolic volume increased gradually from 112 to 120 ml/m^2^ over a follow-up period of 3 years, but RV ejection fraction remained unchanged (55% at baseline vs. 54% at follow-up). Global RV longitudinal peak systolic strain, however, decreased from −15.5 to −13.6% (*red circles*), mainly caused by a sharp decrease in longitudinal peak systolic strain of the RV free wall (−17.3% at baseline vs. −12% at 3 years follow-up). These findings indicate that RV performance measured with CMR may exhibit only minimal changes (without change in RV EF), whereas RV LPSS already decreasesFig. 3Changes in Right Ventricular Performance and Right Ventricular Longitudinal Peak Systolic Strain. The white bars represent the overall changes in RV longitudinal peak systolic strain whereas the black bars represent the overall changes in cardiovascular magnetic resonance derived RV volumes and ejection fraction. To compare the relative magnitudes in changes between strain and volumes/ejection fraction, the percentual changes from baseline to follow-up (rather than the absolute changes) are shown. A significant change was noted for RV volumes, global longitudinal peak systolic strain (GLPSS) and longitudinal peak systolic strain in the RV free wall (LPSS FW). The largest changes were observed in LPSS FW

Discussion {#Sec11}
==========

The main findings in the present study were that RV LPSS is reduced in patients with TOF as compared to healthy controls. Furthermore, RV LPSS was correlated with RV performance. Finally, over the follow-up period, a significant reduction in RV LPSS was observed, both on a global level (GLPSS) and in the RV free wall (LPSS FW), accompanied by a slight RV dilatation, but in the absence of changes in RV EF.

After total repair for TOF, a gradual deterioration of RV performance is observed in most patients \[[@CR1]\], which is associated with a gradual reduction of functional class and the need for (surgical) interventions \[[@CR3]\]. Accordingly, early detection of a decrease in RV performance is important in the routine follow-up of patients with TOF.

Generally, CMR is the preferred technique for quantification of RV performance, and the most traditional parameters include RV volumes and RV EF \[[@CR12]\]. Various CMR studies have been performed to evaluate the relation between RV performance and outcome in patients with TOF \[[@CR9], [@CR10], [@CR13]\]. Although these studies demonstrated that a severely dilated RV with depressed RV EF (\<35%) was associated with poor functional performance (NYHA class III) and outcome, accurate prediction of adverse outcome based on CMR derived RV performance measurements is limited \[[@CR3], [@CR14]\]. Moreover, exercise capacity appeared a strong predictor of adverse outcome in patients with TOF \[[@CR15]\], but CMR derived RV performance measurements were demonstrated to be poorly related with exercise capacity \[[@CR13]\]. Thus, there appears a need for more sensitive parameters of RV performance to allow for earlier detection of a decline in RV performance. In the current study, we demonstrated that echocardiography derived RV strain measurements may provide this information. It was shown that RV LPSS was reduced in patients with TOF as compared to healthy individuals; in TOF patients, GLPSS was −14.9 ± 0.7%, as compared to −21.6 ± 0.9% in healthy controls. Although literature data on RV LPSS in adult patients with TOF are lacking, previous studies in children after total repair for TOF also reported reduced RV strain values \[[@CR4], [@CR16]\]. In a study by Weideman et al, RV LPSS was calculated with tissue Doppler imaging in pediatric TOF patients and compared to healthy controls \[[@CR4]\]. The authors reported RV LPSS of −20% in both the interventricular septum as well as in the RV free wall. In a similar study by Solarz et al. \[[@CR16]\], in which strain also was calculated with tissue Doppler imaging, LPSS values of −17% in the RV free wall and of −21% in the interventricular septum were described. RV LPSS was more reduced in the current study (−14.9 ± 0.7% in TOF patients vs. −21.6 ± 0.9% in normal controls), which may have been related to differences in patients age between study populations in the present vs. former studies. The mean age of patients in the current study was 34 ± 11 years, whereas the mean age in the previous studies was 11 ± 3 years and 7 ± 4 years, respectively \[[@CR4], [@CR16]\]. Furthermore, both the timing as well as the type of total correction is most likely different in the current study population as compared to previously described pediatric populations. As a consequence of the evolution of the surgical approach to TOF, the earlier timing of total correction over the years and the use of smaller transannular patches, younger patients are less prone to the development of RV dysfunction \[[@CR17]\]. In addition, difference in strain calculation technique, tissue Doppler imaging vs. speckle-tracking may provide an alternative explanation for the differences between the current study and former studies.

The relation between RV LPSS and GLPSS derived from 2D speckle-tracking on the one hand, and RV performance derived from CMR parameters on the other hand was evaluated in the current study. We observed moderate-good correlations between RV LPSS with echocardiography and RV performance assessed by CMR, both at baseline and at follow-up. Patients with severe RV dilatation demonstrated reduced GLPSS and LPSS FW as compared to patients with preserved RV dimensions (Table [3](#Tab3){ref-type="table"}). Furthermore, patients with depressed RV EF had lower GLPSS and LPSS FW as compared to patients with preserved RV EF (Table [3](#Tab3){ref-type="table"}). The relation between the CMR derived RV performance measurements, and the echocardiography derived strain measurements was not excellent, suggesting that the two parameters provide different information.

This suggestion is further strengthened by the observation that despite unchanged RV EF on CMR over the follow-up period (RV EF 56.8 ± 9.3% at baseline vs. 56.4 ± 10.0% at follow-up, *P* = NS), the RV strain parameters exhibited already some deterioration over time (Table [4](#Tab4){ref-type="table"}; Fig. [3](#Fig3){ref-type="fig"}), suggesting that strain parameters may provide more sensitive information on RV performance as compared to the traditional RV EF and RV volumes derived from CMR.

To the best of our knowledge, this is the first study to demonstrate the course of RV strain deterioration in patients with TOF. One of the pathophysiological substrates, besides the presence of RV dilatation, underlying this subtle deterioration of RV performance is likely to be related to gradual formation of myocardial fibrosis \[[@CR18]\]. Babu-Narayan et al. \[[@CR19]\] recently reported that patients with corrected TOF develop fibrosis in the RV as visualized on contrast-enhanced CMR. In the patient population of 92 adult TOF patients aged 32 ± 11 years, the authors demonstrated that RV fibrosis was present in 99% of the patients after 4--41 years follow-up. In this study, the presence of fibrosis was not only related to RV dilatation, but also to the increased incidence of arrhythmias and reduced exercise capacity, indicating that RV fibrosis formation is an important mechanism in patients with TOF \[[@CR19]\]. Possibly, the presence of RV fibrosis, also explains the reduced RV LPSS values in our current population.

Limitations {#Sec12}
-----------

As a shortcoming of most studies in patients with congenital heart disease, the sample size of the current study was small. Therefore, the relation of RV GLPSS and LPSS FW to pulmonary regurgitation, which is an important determinant of RV function in TOF, could not be investigated. Furthermore, the current observations need to be related to outcome, in order to demonstrate whether the changes in RV LPSS without changes in RV EF are of clinical relevance.

Conclusion {#Sec13}
----------

The current findings showed that RV longitudinal peak systolic strain is reduced in TOF patients as compared to normal controls. Moreover, RV longitudinal peak systolic strain correlates moderately with measures of RV performance on CMR. Although RV ejection fraction on CMR remained unchanged and only modest RV dilatation was present during follow-up, echo-derived longitudinal peak systolic strain measures already decreased, suggesting that longitudinal peak systolic strain may be more sensitive to detect changes in RV performance. Further studies are needed to evaluate the role of RV longitudinal peak systolic strain to detect abnormalities in RV performance at an early stage.
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